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THE SCALE EFFECT IN TOWING TESTS WITH 
AIR? LANE- FLOAT SYSTEMS* 
By Rudolph Schmidt 

In the design of seaplanes it is necessary to know 
the manner in which the forces and moments on the float 
system vary in order to predict the take-off performance. 
As a rule the "bases of the computations are the results 
of tests of models in a towing tank out the conversion of 
these to the full size. shows deviations from the truth. 
The DVL accordingly developed a method for the determina- 
tion of the forces and moments on full-size floats. 



SUMMARY 



The present report includes a description of the mak- 
ing of thr e e- component measurements on a full-size float 
mounted on an actual airplane and the comparison of the 
results with those from two models of the same form hut of 
different size which had "been tested in the towing tank. 
The purpose of the comparison is to determine the effect 
of the Reynolds Number on the results of model tank tests. 

The float was tested at three scales: at full size 
fitted to the seaplane itself with specially developed 
test equipment, and in 1:2.5 and 1:5 sizes in the Naval 
Research Laboratories at Hamburg and Berlin. 

Following a brief discussion of previous tests in- 
tended to elucidate the problem of scale effect on float 
systems and a description of the testing equipment, the 
choice of the reference quantities to be used in the com- 
parison is discussed. The selection of load, speed, and 
trim as a basis of comparison seems best suited to the 



* M Der Masstabeinf luss beim Schleppver such mit Flugzeug- 
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practical operation of making this comparison. The quan- 
tities affected "by scale are then: resistance, trimming 
moment, and their derivatives; planing number (resistance/ 
weight on water); and position of center of pressure. 

In order to assure a proper comparison at high speeds, 
the effect of the air forces on the exposed parts of the 
float must also "be considered. This was done by means of 
a model test in the small DVL tunnel. The experimental 
part of the report closes with a discussion of the curves, 
their discrepancies, and the probable causes of the dis- 
crepancies . 

The theoretical part gives an explanation of the con- 
cept "scale effect" as well as its physical causes. The 
scale effect is most conveniently analyzed by considering 
its effects on the tangential (friction) forces separate- 
ly from those of the normal (pressure) forces. Based on 
the theoretically and experimentally determined laws for 
the coefficients of friction on plates in longitudinal 
flow, the methods in which both the Reynolds Number for 
the three sizes of model and the coefficients of friction 
for plates at the same Reynolds Number vary are investi- 
gated in a numerical example. The effect of the Reynolds 
Number on the trimming moment takes the form of a change 
in the pressure distribution as a result of the separation 
phenomena which may have a variety of causes. It was 
found that the method of influencing the pressure distri- 
bution and obtaining a better agreement between ship and 
model by means of a so-called "turbulence wire" used in 
tank tests of ship models is ineffectual on seaplane 
floats. 

It is shown in a numerical example that the order of 
magnitude of the scale effect on both friction and pres- 
sure forces is in magnitude and direction in satisfactory 
accord with theory and with the results from tests of 
planing surfaces if the partially rough assumptions are 
taken into account. Extrapolating this result to the size 
of the largest flying boats built so far (Do X, with 48 
tens total weight), it is observed that for the investiga- 
tion of float systems of such enormous size it is neces- 
sary to choose a model scale for which the Reynolds Num- 
bers correspond to those of the 1:2.5 scale model. The 
scale effect then is approximately 50 percent of the fric- 
tional resistance of the model. 

Another example shows how the experimentally deter- 
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mined scale effect may affect the calculation of the take- 
off time and run in designs with different power loading. 
A favorable circumstance is that the resistance from the 
model test is always greater than for the full size and that 
consequently the take-off performances computed on the "basis 
of model experiments will always "be inferior to those of the 
a c tu al s e ap 1 an e • 

The results are summarized as follows: 

1. The measured scale effect is, on the whole, in sat- 

isfactory agreement with theory and with tests 
of plates and planing surfaces. 

2. The use of the "turbulence wire" or roughening the 

surface is impracticable for tests of float sys- 
tems. 

3. The method, of conversion customary in ship design 

is impracti cable . 

4. The calculation of ta're-off performances based on 

model tests leaves one on the safe side, 

5. In order to make rafe calculations in advance of 

take-off performances, it is necessary to use 
models of the order of the 1:2.5 scale compara- 
tive mo del • 

The experiments described herein have been duplicated, 
.using another family of models of a different form. The 
results were fundamentally the same. 



I . INTRODUCTION 



The development of seaplanes for long ranges with a 
useful load assuring economical flight, has not led to a 
satisfactory result so far. The difficulties lie in vari- 
ous spheres. The problem of economical long-range flight 
and its obstacles, has already been treated exhaustively 
from different points of view. One fundamental obstacle to 
a satisfactory solution of the long-range seaplane is the 
take-off. The hydrodynamic processes on its float system 
set an upper limit to the flying weight which when exceeded 
leaves the airplane still capable of staying aloft but un- 
able to take off. 
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In the endeavor to utilize the limits that have "been 
set, to the utmost, with due regard to the load, a knowledge 
of the physical processes at take-off and the determination 
of the forces and moments, -'ire imperative. Now the means "by 
which one obtains this information in ship and airpl a ne de- 
sign, is by t eating models, as a mathematical treatment is 
in r;ost eases impossible* The testing of models of seaplane- 
float systems is intended to serve two purposes: the devel- 
opment of suitable forms of floats and the determination as 
exactly as possible of the forces and moments for use in 
performance calculations. The first problem will not be 
discus set further in this report. 

It has been known for a long time that in the applica- 
tion of the results from tests of models, sources of error 
exist, the elimination of which may become of decisive im- 
portance, especially in the case of the airplanes mentioned 
above. The endeavor to learn the true magnitude of these 
errors in research on models and on the "basis of this knowl- 
edge to correct subsequent model tests, led to the measuring 
of the forces actually produced in full-scale experiments 
and the comparing of them with the results from model tests. 

The intention to extend such full-size experiments to 
include seaplane-float systems, is of many years 1 standing. 
The first experiments with geometrically similar float mod- 
els of different sizes in Germany, were those made by Herr- 
mann (reference 1) in collaboration with the DVL and the 
HSVA in 1926, with a view to determining the effect of the 
model size on the test data. A continuation of similar in- 
vestigations followed in 1929 by the DVL at the Hamburg 
lank* Subsequently the HSVA carried on the test program in- 
dependently and also the experiments on full-size floats. 

These tests showed that with the test equipment then 
available, it was not possible to make a correct and com- 
plete investigation of a full-size float system whose di- 
mensions corresponded to those of average-size seaplanes. 
This conclusion was the cause of making the measurements on 
the seaplane itself rather than in the towing tank, 

II . EXPERIMENTATION 
l) Structure of Experimental Airplanes 

The condition of motion of an airplane-float system is 
determined by the speed relative to the water v, the trim 
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a, and the load A. The latter is a function of the water 
speed, the air speed, angle of attack, propeller thrust, and 
the aerodynamic properties of the air structure that is at- 
tached to the float system. The "behavior of a float system 
is definitely dependent on the properties of this air struc- 
ture attached to it. Consequently, in the making of model 
tests that are intended to give a general picture of the 
"behavior of a float system, it is necer-sary to mrke the load 
variable within the practical ranges under consideration as 
well gs the trim and speed. 

This requirement governed the construction of the ex- 
perimental airplane - a Junkers F 13 (fig. l) - particu- 
larly as regards the arrangement of the float system. This 
wag so designed that the float to he investigated lies in 
the center, below the fuselage. The forces were measured on 
a three-component "balance mounted "between airplane and float. 
Two side floats, attached to the wings, provide the neces- 
sary lateral stability as well as a partial unloading of the 
central float. This is necessary in order to he able to 
suit the loading of the float to the instantaneous condi- 
tions wh i oh | as already pointed out, depend upon the effect 
of the air structure on the float. From this circumstance 
follows the need for providing an additional unloading, es- 
pecially in the investigation of models of large flying 
"boats since the latter have, as a rule, a lower get-away 
speed than the experimental airplane* 

Out of consideration for the stability and maneuvera- 
bility of the machine as well as the strength of the wings, 
the track of the stabilizing floats was restricted. For 
the investigation of the effect of interference on the flow, 
a model of the float system was tested in the towing tank, 
and the resistance of the central float for different tracks 
of the stahili zing float s was measured and compared with the 
resistance without side floats. It was established that 
with the present track the departures from the unaffected 
resistance lie within instrumental accuracy* 

The changing of the load on the central float was accom- 
plished by increasing the distance of the side floats from the 
wing by lengthening the flotation-gear struts, so that the 
load distribution between central and side float could be 
changed. Since, in this manner, the change of load takes 
place by steps only and for this purpose the airplane must 
be lifted out of the water, the three-component balance be- 
tween airplane and central float was also made adjustable to 
suit the height, which was accomplished without steps by 
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means of threaded spindles and can also he done while afloat % 

2. Test Equipment 

The three-component balance consists of a system of le- 
vers, "by means of which the forces are conducted to three 
hydraulic capsules, the hydrostatic pressure in which is a 
measure of the magnitude of the force acting. on each cap- 
sule (fig. 2). 

The measurement of load, resistance, and trimming mo- 
ment is done hy measuring three components of the result- 
ants, of which two are parallel to the vertical axis, the 
other parallel to the longitudinal axis. The float is 
joined to the airplane hy two parallel links P x and P 2 
which receive only the two components Nj, and N 2 paral- 
lel to the vertical axis and falling in the direction of the 
links. For instrumental reasons, the forces occurring at 
the points of attachment are reduced hy levers Hi and H 2 
and led to the capsules M x and M 2 . The component T 
perpendicular to the direction of the links is led hy a le- 
ver E 3 , which is pivoted at point 0, to capsule M 3 . The 
links and capsules are secured to the main girder S. 

The entire three-component "balance can he rotated 
around point B , and thus the angle of setting "between 
float and airplane can he changed. The lever system is of 
welded- steel tuoing* all moving parts are mounted in self- 
aligning hall hearings. 

The capsules are douhl e-ac t ing since negative force 
components may occur. The capsules (fig. 3) consist of a 
douole piston K sliding in a guide F. The force is ap- 
plied to the trunnions P of the piston. Both faces of the 
piston rest on ruhher memhranes M, which seal the fluid 
chamhers R x and R 2 and which make it possihle to put the 
fluid in the capsule under pressure, according to the amount 
of force acting and the surface of the piston. The pressure 
leads to the manometers are attached at Ai and A 2 # 

The speed is measured hy a Prandtl pitot tuhe located 
ahout 70 centimeters below water surface. The method of op- 
eration is as follows (fig. 4): There are two leads from 
the pitot tuhe to the measuring devices - one for the total 
pressure on the head, the other for the static pressure on 
the circular slot. The fluid systems are separated hy two 
ruhher memhranes If x and M 2 . On the one side is the meas- 
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uring fluid; on the other, sea water. The membranes sepa- 
rate the two liquids, although they still permit direct^ 
pressure t r an s f e r . 

Before the taking of a reading, sea water is sucked 
up "by means of a hand pump until the mem"br a ne capsules 
are completely filled. This forestalls any influencing of 
the indicated pressure "by the height of the water column 
due to the dynamic pressure existing for the time "being in 
the total head line, which Is not measurable, The total 
measuring range is divided "between two manometers of dif- 
ferent sensitivity. The fine recording instrument is pro- 
tected against overloading by an automatic cut-off valve V, 
which closes the pressure line of the fine measuring device 
on reaching a certain pressure. The trim Is recorded pho- 
tographically. Since the airplane always moves in a hor- 
izontal plane during the measurements, it suffices to pho- 
tograph the shore line simultaneously with a reference on 
the airplane by a camera mounted in a fixed position on 
the airplane. The camera was a Zeiss Ikon-Kinamo with a 
Tessar lens of 4 centimeters focal length. A cross hair 
fitted in the camera served as reference line. 

Systematic preliminary tests made it possible to per- 
fect the recording method so that the force components 
could be measured within ±0.3 percent accuracy. The cap- 
sules were calibrated directly by weight loading. The de- 
sign of the three-component balance permitted only the 
measurement of the components lying in a system of body 
i\xe s • In order to carry out the mathematical determina- 
tion of the quantities, load and resistance related to the 
ground axes, it is necessary to know the angle between the 
two systems of axes, which in the present case equals the 
angle of trim of the float. The error in the measurement 
of the trim must not exceed l/ 20 degree if the error in the 
resistance determination under otherwise unfavorable condi- 
tions is not to exceed *1 percent. The photographic rec- 
ord of the trim assures this degree of accuracy. The pitot 
tube used for measuring the speed was calibrated on the air- 
plane itself by taxying over a staked-off distance at dif- 
ferent speeds and comparing the pressure reading with the 
clocked speed* The calibration curve (fig. 5) with the 
measured points shows a mean accuracy of about ±1.5 percent 
of the dynamic pressure. The departure from the theoreti- 
cal dynamic pressure (dashed lines in fig. 5) is attributa- 
ble to the effect of the streamlined tube to which the pi- 
tot tube was fastened. 
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All .-Instrument's are housed in the cat) in of the air- 
plane -(fig. 6) • The test readings are recorded photo- 
graphically on standard film with a Zeiss Ikon-Kin amo • 
The manometers are mounted on an elastically supported 
"board to which the camera is rigidly attached by struts. 
This camera is synchronized with that used for measuring 
the trim "by a common drive from an electric motor. 

Various auxiliary equipment had to he provided - among 
others, a supplemental system of sea-water cooling for the 
engine • 

Test Procedure 

For the investigation of scale effect a float was 
chosen, the form of bottom of tthich had distinctive char- 
acteristics. In these tests only the form of the "bottom 
was of importance, and to save expense the a. hove water 
form could he made very simple. Accordingly, wooden con- 
struction was adopted. 

The model used in the investigation was a float with 
135° cotton dihedral and a recurved chine. The lines are 
•shown in figure 7. 

The actual tests were made on Lake Constance. The 
measurements were so evaluated that resistance W and 
trimming moment Mgjb were ohtained versus speed and trim 
for three different load curves. These load curves are 
derived "by means of the equation 




where A is the momentary weight on the water (= water 
lift), v n speed, v s t = speed of get-away, and G 0 
initial load ( = ststic buoyancy at v = 0). The three 
different curves of weight on water were ohtained hy ar- 
bitrary choice of G- 0 and v s t« 

For the determination of the scale effect two models 
of the float, -at 1:2.5 and 1:5 scale, were tested in 
the towing "basins of the HS7A (Hamburg) and the VWS (Ber- 
lin) to determine the mean load curve with due regard to 
Froude's model law* 



N.A.C.A. Technical Memorandum No. 826 



9 



4. Choice cf Reference Quantities for the Comparison 

The question of mechanical similarity is discussed 
in more detail in a subsequent section (III, 2). It may "be 
conceded in advance that the comparison of the test data 
from dif f erent-size models of the same family actually 
compares processes which are not mechanically similar. 
Strictly speaking therefore no geometrical similarity ex- 
ists either. It is therefore a matter of expediency which 
quantities shall "be used as a "basis of comparison. In the 
practical testing it was found expedient to represent the 
condition of motion of the float system by five quanti- 
ties: load A, resistance W, trimming moment M, 
speed v, and trim a. It will "be equally expedient to 
compare those of the quantities which afford a definite 
picture of the scale effect either for the analysis of the 
hydrodynamic processes or for the practical application of 
the model tests. The choice of speed and load on the "ba- 
sis of Froude* f s law already gives two quantities as a 
"basis for the comparison. The resistance is ruled out "be- 
cause the effect of scale on it is most vital in practical 
applications. Thus trimming moment or trim must "be se- 
lected as the third reference quantity. 

With one exception, the trimming moment is not a suit- 
able quantity for the analysis of the hydrodynamic changes 
in condition, for the reason that-, consisting as it does 
of a product force x lever arm, it is not singl e- valued • 
If the scale effect on the trimming moment for a = const., 
or on the trim for M = const., is presented, the magni- 
tude of the scale effect depends not only on the scale of 
the model "but also on the axis of moments selected. There 
is for every condition a reference axis for which the 
scale effect on moment or trim disappears altogether. So, 
to assure clearness, the position of the resultant at a = 
const. rpther than the trimming moment must "be compared. 
This can he accomplished as follows: Choose the reference 
axis for the trimming moment as nearly as possible in such 
a manner that the partial moment of the resistance compo- 
nent is small in comparison with the partial moment of the 
component of the weight on the water; that is, as nearly 
as possible on the line of action of the resistance compo- 
nent. Then the intersection of the resultant with the 
line of action of the resistance is the "center of pres- 
sure" as in a wing, expressed by 



10 



IT.A.C.A. Technical Memorandum No. 826 



The line connecting the step corners was selected as a 
suitable position of the reference axis "because there these 
assumptions are very closely approximated. 

Using this axis, the partial moments of the resist- 
ance are small compared to the partial moment of the weight 
on the water, since this latter is a multiple of the re- 
sistance and the movement of the line of action of the re- 
sistance is always small. But inasmuch as the weight on 
the water itself is used as a "basis of comparison and so 
has the same magnitude when comparing two conditions, the 
comparison of the trimming moments M s <fc of itself indi- 
cates with sufficient accuracy the relative magnitude of 
the scale effect on the simple idea of the "center of pres- 
sure position" h. The choice of this reference axis has 
the further advantage that the plotting position of the 
center of pressure h affords a measure for the change in 
pressure distribution due to the scale effect. 

In view of these facts, A, v, and a were employed as 
the basis of comparison, and W and M s ^ were compared. 
The inverse of the lift/drag ratio, or planing number e = 
W/A, is also included in the comparison since it provides 
a criterion for the hydrodynamic efficiency of the float 
system, just as the c ent er- of -pr e s sur e position h for 
judging the scale effect rn the pressure distribution. 

5. Effect of Air Loads 

The comparison of the test data is disturbed hy the 
effect of the air loads on the float. Because of the ex- 
perimental technique, it is not possible to provide iden- 
tical conditions as regards air loads in the full-scale 
and the model tests. In the former the air loads on the 
float are included in the measurements; it may be assumed 
that these air loads are almost those of the free-moving 
float because the effect of the air structure of the ex- 
perimental airplane on the air flow can he only insignifi- 
cent. The effect of the vertical component of the air 
loads is negligible compared to the load of the float sys- 
tem, so that only the effect of the air resistance and 
air-trimming moment need he considered. In model tests 
two different methods were used to neutralize the effects 
of the air loads on the drag and trimming moment. The one 
used by the VWS (Berlin ) consists in measuring the air re- 
sistance at different trims while the raised model is towed 
just above the level of the water. This method is quite 
inaccurate "because the air resistance of a float that is 



N.A.C.A. Technical Memorandum Mo. 826 



11 



taking off partly in the water is different from that of 
a float towed over the water. In fact, the aerodynamic 
trimming moment cannot he measured at all by this method. 
The HSYA (Hamburg) method consists in measuring only the 
water resistance "by fitting a wind screen immediately he- 
fore the model, extending down to the very edge of the 
water. From the point of view of the hy dr o dynami cal engi- 
neer, this method is undoubtedly the best although oven 
here there is a source of error in the effect oii the water 
sptay which, however, can have no great effect on the test 
resul t • 



To assure a comparison of the test data to which ex- 
ception could not be taken, the aerodynamic loads were 
measured in the wind tunnel with due allowance for the in- 
fluence of the water surface. This test method is not 
quite exact since the effect of the boundary layer of the 
plate and of the waves that actually form on the surface 
of the water cannot be taken into account. Even so, the 
result of the tests shows that this inaccuracy has no ef- 
fect on the final result of the comparison. The results 
of the wind-tunnel tests were applied by subtracting the 
measured air resistance and the trimming moment from the 
full-size test data. Similarly, in the model tests of the 
VWS (Berlin) there was subtracted from the total drag the 
amount obtained as a result of the over-water towing test. 
It is to be presumed that the discrepancies between the 
VWS and the ESVA tests can be traced to too great errors 
with these methods. 

6. The Results of the Comparison 

The test data are presented in figures 8 to 19. The 
VWS tests have been included on the W and M gt curves 
for comparison, although the comparison itself should be 
restricted, for reasons previously explained, to the full- 
size test of the DVL and the HSVA measurements. For plot- 
ting drag and moments the trim a, was selected as parame- 
ter. The plotting of the planing number e and of the 
center of pressure h was confined to the DVL and HSVA 
measurements, and specifically against the trim Q a 0 f° r 0 
different speeds. These angles included a = 3 , 4 , 5 , 
6°, and 7° because an adequate number of test values is 
available for these.* Plotting the values of W and c 
shows the effect of the scale on the size of the horizon- 
tal component of the resultant, those of M s t and h, 



3°, 5°, and 7° 



12 



N.A.C.A. Technical Memorandum No . 826 



the effect of the scr.le on the location of the resultant 
at the float and on the pressure distribution. 

Re si stance : The ascending "branch of the W curves 
discloses the peculiar fact that the 1:2*5 size model has 
the highest, and the 1:1 size float the lowest resistance, 
and the differences at a = 3° are somewhat greater than 
at 4°. In towing tests of ship models, it. has also "been 
observed occasionally that the results from small models 
of less than 1-meter length are in closer agreement with 
those from large models over 5 meters long than the re- 
sults from medium- si ze models of about 2.5-meter length 
(reference 2). At around v = 5.8 meters per second and 
small trim, the curves fork into two branches. The lower 
branch shows, in the range v = 6 to 9 meters per second, 
a slower increase in resistance, while with the 1:1 size 
float, there is even a brief decrease in resistance at 
a = 3° and v = 8 rn/s. The sequence of the curves start- 
ing from v = 6 m/s is 1:5, 1:2.5 , 1:1, with 1:1 having 
the lowest resistance. Beginning at v = 8.5 m/s, the re- 
sistance increases very rapidly. The curves for the three 
scales are here practically alike. The maximum resistance 
lies between v s 10.5 and v = 11 m/s. The position of 
the curves is such that the 1:1 float has the lowest, the 
1:5 the highest resistance. As a increases the differ- 
ence diminishes somewhat. In the first part of the de- 
scending branch of the curve this sequence remains at 
first as far as v = 13.5 m/s, to be followed by an irreg- 
ular shape of the 1:2.5 and 1:5 curves, which at times 
even undercut curve 1:1. In this range also can be seen 
the tendency to minimum resistance for the 1:1 scale 
float, and that the difference decreases as a increases. 
At high speeds the curves for the 1:2.5 and 1:5 models 
show a marked rise in resistance again, which commences 
the sooner the greater the trim. This is due to the fact 
that the afterbody touches the water again and the resist- 
ance therefore becomes greater. This was not observed on 
the 1:1 model where, to be sure, these running conditions 
were not measured at a = 7°. 

P 1 an in g number €_ : Naturally the scale effect must 

reveal the same tendency as the resistance curves them- 
selves. The diagrams reveal that the 1:1 float has almost 
always the best € ; the curves further permit the deter- 
mination of the best trim for any speed. 

Moment of trim M&t : With exception of the curves 

a = 3° the moment curves are coincident up to around 
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v = 9.5 m/s. Only in the zone where two regimes of flow 
are possible, as already discussed in connection with the 
resistance curves, greater divergences occur. This sug- 
gests that in this critical zone of partial flow separa- 
tion the viscosity has a greater effect. The maximum mo- 
ment values occur at the same speeds as the maximum re- 
sistance values. The scale effect produces a decrease in 
moment as the size of the model increases,. This tendency 
persists up to ah out v = 14 to 15 m/s, where a partial 
overcutting of the curves occurs, attributable to inade- 
quate instrumental accuracy at small trimming moments. 

Center of -pressure h: The tendency of the scale ef- 
fect must, of course, he the same as for the plotting of 
Mgt» At speeds "beyond v = 16 m/s the values become too 
inaccurate for comparison. 



Ill, THEORY 
1. Mechanical Similarity (reference 3) 

Complete agreement of processes in the model test 
with the conditions encountered for full size is obtained 
only when complete mechanical similarity exists between 
both processes. This is predicated on the assumption that 
all physical forces affecting the flow are in the same 
ratio to the inertia forces. 

In bodies moving on the boundary surface of two medi- 
ums of different densities, the viscosity and gravity 
forces arc of primary importance in the flow phenomena. 
From the derivation of these force correlations follow the 
laws of similarity: 

Inertia forces = const., the Reynolds law of simi- 

Viscosity forces larity, 

and Inertia f or peg?,,, = cons t # , the Froude law of similarity. 
Gravity forces 

These laws of similarity give the equations of the condi- 
tions under which a model test must be made if mechanical 
similarity of phenomena is to exist between model and full 
size, not only as regards inertia forces "but also as re- 
gards one of the other types of forces mentioned. 
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The lfitws of similarity state that for the viscosity 
forces the Reynolds Number 

V 

and for the gravity forces the Froude Number 

must "be equal for model and full size. 

Considering the viscosity forces, if the medium for 
model and full size is the sane, the product of model 
length x velocity must "be constant; i.e., if the geometri- 
cal dimensions of the model and of full size are in the 
ratio of X the speeds in the model test must have the 

X~ 1 times value, while as regards the gravity forces the 

1 / 2 

speeds must have the A ' times value. This is the rea- 
son why :io combined consideration of inertia and gravity 
forces is possible - as long .as the same medium is employed 
for both the model and full size. 

This has led to making model tests in which the flow 
phenomena are affected "by viscosity as well as gravity in 
such a way that in the test itself the gravity forces are 
taken with consideration "because experimentally it is eas- 
ier to comply with the Froude than with the Reynolds model 
law. The disregard of the viscosity forces leads to dis- 
crepancies in the flow form and hence in the test results, 
which are designated as "scale effect," whose size depends 
upon the scale of the model and on the proportion of the vis 
cosity forces to the total process. In naval design the 
viscosity is taken into account mathematically "by determina- 
tion of the friction forces on the "basis of measurements of 
the resistance of flat plates at the same Reynolds Numbers. 
This method presupposes a knowledge of the wetted surface, 
the wetted length, and a friction coefficient. 

Quite apart from the errors ensuing from this method 
in the conversion to full size, it is not applicable to 
planing water craft "because the wetted area as well as its 
length is, according to the conditions of motion and load- 
ing, subject to large fluctuations and can therefore not "be 
utilized for computing the frictional resistance. On that 
account the frictional forces have "been disregarded hereto- 
fore in such cases and work has "been confined to reaching 
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the Reynolds Number for full size "by using the largest pos- 
sible models and high towing s^oeeds, which led to the 
"building of high-speed towing carriages in the Naval Ex- 
perimental Laboratories . 

2. The Physical Causes of Scale Effect 

The disregard of the viscosity forces in model tests 
may affect the form of the flow in two ways: 1) through 
the influence of the surface friction on the "boundary- 
layer conditions and so on the tangential forces; 2) 
through influencing the pressure distribution and the nor- 
mal forces. Both effects are of course intimately related 
because of their common origin. 

a J. Influencing the tangential forces. - The relation 

between frictional resistance and Reynolds Number has been 
exhaustively investigated in plate and pipe tests. It was 
found that for the boundary layer, three forms of flow are 
possible: laminar, turbulent, and turbulent with laminar 
approach. The results of the tests are shown in figure 
20. For the flat plate the shear stress at point x in 
laminar flow is derived from the theory of the boundary 
layer according to Blasius (reference 4): 

1/2 



T. ^ 0.664 L v 2 (_ ) (1) 
1 2 U j 



in turbulent flow with the aid of the test data (reference 
5 ) as 

T t = 0.0576 I r» (3f 4/> (2) 
Froi;i these the friction coefficients are derived as 



C = — = -— / Tdx (3) 

P V 2 F P V 3 I 



for laminar flow as 



Ox = 1.327 R _l/2 (4) 



and for turbulent flow as 



C t = 0.074 R"" l/5 (5) 
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In turbulent flow with laminar approach the coeffi- 
cient is formed from the two parts for the laminar and 
the turbulent and consequently depends upon the point of 
transition from laminar to turbulent condition. There- 
fore, C may be written as 



0 f 



- v F 



2 

2"-, 

pv I L 



r 

j 

0 



a* + / 



T t dx 



(6) 



in which 1%. is the point of transition from laminar to 
turbulent flow and I = the total length of the plate. 
According to G-ebers (reference 6), this transition takes 
place on a smooth flat plate at a critical Reynolds Number 

of Rk- = ~ 5 x 10 5 . The introduction of this value and of 
the coefficients cited in (4) and (5) into equation (6) 
gives, according to Prandtl (reference 7), the coefficient 
for turbulent boundary layer with laminar approach as 



Of a Ot + J 1.327 E K l/a - 0.074 R K 4/5 
L 

0 f - 0.074 R^ 



L 

4-1/5 1700 



(?) 
(8) 



The critical Reynolds Number obtained from G-ebers T 
experiments and employed by Prandtl is, strictly speaking, 
applicable only to flat, smooth plates in a longitudinal 
flow. The transition to turbulent flow can also occur at 
some other Reynolds Number. The reasons are: the effects 
of roughness of the surfaces, the effect of the pressure 
distribution on a three-dimensional form (in contrast to a 
flat plate in a longitudinal flow), the turbulence of the 
medium already existing upstream from the body, and the 
vibrations of the body in the fluid. G-iven the particular 
critical Reynolds Number, the corresponding coefficient 
can be computed according to equation (6). Figure 20 
shows the friction coefficients versus Reynolds Number for 
various critical Reynolds Numbers. The limits are defined 
by the fact that R^ is reached just at the trailing edge 
of the plate (purely laminar flow) or already exists at 
the leading edge (purely turbulent flow). Taking R k = 
5 X 10 5 as the upper limit, beginning at which the bound- 
ary layer is in any case turbulent, the diagram reveals 
that within a large range of Reynolds Numbers entirely 
different coefficients are possible, depending upon the 
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external circumstances cited atove. This knowledge makes 
it possible to explain the experimental results in which 
the data for small models are in "better agreement with the 
data from large models than are the data from medium-size 
models, which has been already pointed out in section 11,6 
in the discussion of the results from the tests* At larger 
Reynolds Numbers all coefficients approach those of pure 
turbulent flow; the friction forces become independent of 
the external influences that are decisive in the critical 
range because the preponderant part of the boundary layer 
is turbulent and no longer appreciably influenced by the 
minor influence of the laminar entrance length. In the fol 
lowing, several possibilities for the magnitude of the co- 
efficient of friction will be discussed by means of a numer 
ical example. 

Let the full size have a wetted length L = 2 meters 
at a speed of v = 15 meters per second. The Reynolds 

Number is obtained for U = 10" 6 (for warer at I m 20° C. 
temperature) as 

R, . . = 3 X 10 7 

For the 1:5 size model, the corresponding Reynolds Num- 
ber at identical Froude number is 

R i : s = ^ 3/2 R m = 2 - 68 x 106 

As turning a critical R; c = 5 x 10 5 the coefficient of fric- 
tion for the full size is 

G 1 . 1 = 2,31 x 1(T 3 

1) How large is the friction coefficient for the model? 

Assuming equal R^. the friction coefficient for the 
model is 

c i : 5 = 3 - 20 x 10 ~ 3 

that is about 38 percent greater than for full size. 

2) How large would the critical Reynolds Number for the 

model have to be to make the coefficient of fric- 
tion the same for both the full size and the model? 



R k a 8.45 x 10 5 



IS 
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This value is practically unobtainable "because in 
.G-ebers' experiments Ri r = 5 x 10 5 appeared to "be 
pro "bah ly the upper limit. 

b) Effect of the normal forces . - An other effect app ears 
as the result of the change in pressure distribution caused 
by the viscous forces, although this may occur "because of a 
change in the separation phenomena as well -as "because of a 
change in the pressure distribution in regions of adhering 
flow. Separation phenomena are produced when because of 
the slowing up of the fluid in the "boundary layer "by fric- 
tion the particles of fluid suffer a loss of kinetic energy 
and then are no longer able to penetrate into a region 
where the pressure is higher. The point, then where the 
piling up and separation from the boundary of this slowed- 
up fluid takes place, depends on various factors: 

1) On the pressure distribution along the boundary, 

steep pressure rise favors separation. 

2) On the time rate of flow - in retarded flow separa- 

tion is easier. 

3) On the structure of the boundary layer. A movement 

of the point of separation may be associated with 
the change from laminar to turbulent condition 
and because of it the distribution of pressure on 
the body may be radically changed. 

4) On the condition of the surface. If the boundary 

layer on a smooth surface is perfectly laminar, 
roughening the surface can cause it to become tur- 
bulent at the same Reynolds Number. The effect 
described under 3) can likewise occur because of 
it. But, if the flow in the boundary layer is al- 
ready turbulent, an increase in roughness will al- 
ways result in an increase in the friction coeffi- 
cient as seen in figure 20, which shows, in addi- 
tion to the coefficients for flat plates, the coef- 
ficients (reference 8) for various degrees of rel- 
ative roughness k/l (k = grain size) obtained 
from the G-ottingen pipe experiments and properly 
converted to apply to plates. 

The change in pressure distribution through a shift 
in the front of separation is especially pronounced when 
the proportion of the separation (eddy) resistance is 
great compared to the frictional (tangential) resistance 
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and when the point of separation has not "been previously 
established "by the use of a very full form or "by sharp 
chines and steps. But planing seaplanes have, for the 
purpose of effecting the separation of flow from a part of 
the "body and through it obtaining a decrease in resist- 
ance, one or even several transverse steps, so that for 
them the position of the front of the separation is fixed 
"by constructive measures, For this reason the scale ef- 
fect as a result of the shifting of the front of the sepa- 
ration, has no particular significance as far as they are 
concerned, in contrast to ships and the rounded "bodies 
used in airplane design. For this reason also, the at- 
tempts by any method to induce artificial turbulence in 
the "boundary layer in model tests are unsuccessful in mod- 
el tests of airplane-float systems. Among such methods 
are the fitting of a "turbulence wire 11 or a local roughen- 
ing on the model, or even the towing "behind turbulence 
screens or grids. These are always followed by an increase 
in the friction coefficient. By influencing the location 
of the point of separation, however, this can, in ships 
and rounded bodies lead to a drop in the total resistance 
because of the decrease in eddy resistance and so make for 
a better agreement between full-size and model tests. 

As yet little is known regarding the influencing of 
the pressure distribution in regions of adhering flow. 
But that such must exist is proved by the test data.. The 
change in the position of the center of pressure h or in 
the trimming moment M s ^ can only be the result of a 
shift of the resultant, because with the reference axis 
that was used the effect of the changed frictional (tan- 
gential) force is almost eliminated. 

Si Order of Magnitude of Scale Effect 

From the investigation of the physical causes, it is 
also possible to draw conclusions as to the order of mag- 
nitude. We shall now investigate only whether the experi- 
mental data can be explained as to direction and order of 
magni tude on oiie oasis of these considerations. 

The order of magnitude of the possible differences in 
friction coefficient between full size and model can be 
estimated when the Reynolds Numbers are known. It is to 
be noted that the coefficients given in figure 20 cannot 
be directly applied to the conditions existing on the 
float, because the distribution of pressure and velocity 
is unlike that on the Dilate* 
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A further obstacle exists in the calculation of the 
Reynolds Number. In the airplane-float system the deter- 
mination of the "wetted length" as well as of the true 
speed of the water over the planing "bottom, present some 
difficulty. The comparison of the experimental results 
with the plate friction coefficients is therefore merely 
a more or less inexact determination of the order of mag- 
nitude. Since the conditions in the "buoyant condition are 
quite complicated, only an example from the purely plan- 
ing condition will he considered here. In the planing con- 
dition the wetted length is a part of the length of the 
planing bottom which, however, varies rapidly and especial- 
ly, for the V-type planing bottom is not definite. A key 
to the wetted lengths of the planing bottom is found from 
observation during model tests or from plotting the "cen- 
ter of pressure position" h. During the plan ing- surf ace 
tests at the HSVA (reference 9), it was determined that 
the position of the center of pressure and the wetted 
length preserved an almost constant relation. 

Making this assumption for the V-bottom float, from 
the plotting of h it is possible to estimate the wetted 
length approximately. In the model tested, the pure plan- 
ing condition was reached at around v = 13 meters per sec- 
ond. The length of the wetted planing bottom was then ap- 
proximately L = 1.0 meter (at" a = 5°* trim). This gives 
a Reynolds Number of R = 1.0 X 10 7 and accordingly, 
R 2.s = ^.53 x 10 6 and R 5 = 9 x 10 for the models. It 

should be borne in mind that these Reynolds Numbers change 
as a result of the effect of the . t emp er atur e on the kine- 
matic viscosity of the water. The difference between mod- 
el and. full-size tests amounts to about 30 percent, since 
the latter was made at an average temperature of around 
20° C, against about 10° C. for the model test. 



*Thc length of the planing bottom was obtained as follows: 
The ratio, according to the planing surf ace -t e st s (refer- 
ence 9) is : 

Position of center o f _pr e s , sur e _ q . 8 
Wetted length 

Figure 13 gives for v = 13 m/ s and a = 5° the center of 
pressure h = 0.8 m, whence the wetted length is computed 

as L = — -— = 1.0 m . 
0*8 
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So in the example selected, under the assumption 



R K = 5 x 1CT 



the Reynolds Numbers and the friction coef- 



ficients are the following: 



Model 



1:1 



1 1 2 * 5 



T" 



1:5 



R = 
0, 



1-3 x 10 



2.53 x 10' 



9 x 10 v 



2.74 x 10 



-3 



3.31 x 10 



-3 



2.98 X 10 



-3 



The magnitude of the frictional resistance for the full 
size is: 

W R = ¥ - A tan 8 (8 = angle of attack of planing "bottom), 
For 8=6°, A = 1,015 kg, W ■ 165 kg 

W Rl = 5 8 kg 

Taking into consideration the calculated friction co- 
efficients, the frictional resistance for the 1:2,5 scale 
model is 



Wr> = ■= Wt> 

^2 . 5 Of tt l 



Hm.B m 70 ^ 
and for the 1:5 scale model 



W Rs = 63 kg 



This means an increase in resistance of 21 and 9 per- 
cent, respectively. The experimental results for this ex- 
ample show that the order of magnitude between full scale 
and the 1:2.5 model is in agreement. But they also show 
that the model test at the 1:5 scale was made in a range 
of Reynolds Numbers in which the coefficients are profound- 
ly affected by the critical Reynolds Number and may exceed 
or even fall below the coefficient for the 1:2.5 size mod- 
el. This is probably also the reason for the intersection 
of the two model curves in planing condition. From the 
plotting of the position of the center of pressure h it 
appears that the wetted length decreases as the speed in- 
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creases* Consequently, the rough assumption can he made 
that the approximate size of the Reynolds Number changes 
inappreciably during planing. It also explains why, in 
planing, the resistances of the full-size model are inva- 
riably less than for the 1:2.5 model, while those of the 
1:5 model at large trim angles fall still lower, because 
in the range of Reynolds Numbers in which the full-size 
and 1:2.5 model lie, no appreciable changes in the coeffi- 
cient can take -olace. 



The effect of th 
is seen from plotting 
el increases in size, 
This is in agreement 
(reference 10 ) where, 
wetted surface it was 
not be attributed to 
rather to a change in 



e scale on the pressure distribution 
M s t or h. Obviously, as the mod- 

the resultant shifts toward the step 
with the HSVA planing- surf ace tests: 

on the basis of measurements of the 

pointed out that that result should 
a shortening of the wetted length but 

the -ores sure distribution. 



For the investigation of the agreements of the approxi- 
mate size of tire scale effect with the pressure distribu- 
tion we shall use the same example as in the study of the 
frictional resistance. For comparison the previously quot- 
ed planing- surf ace tests are utilized - with the assump- 
tion, however, that the conditions are not materially 
changed, even under greater variations of load. The plan- 
ing-surface tests were made for a step loading of A/ b 3 ; 
that is, about half of that used for the sample problem. 
The floats then correspond approximately to the following 
scales of the surfaces used in the planing- surf ace tests: 



Pull- size 



1:1 



= suriace 



2:1 



Float 
Float 



1:2.5 = surface 1:1.25 
1:5 = surface 1:2.5 



It may be assumed that the effects of the scale on the 
"moment c o ef f i c i en t 11 from the r>laning- surf ace tests 

and on the "position of the center of pressure" h consid- 
ered in this report are of the same magnitude. 

The planing- surf ac e tests yielded the following scale 
effect : 



Approximately 17 percent between 1:1 and 1:2.5 
" 36 " " 1:1 " 1:5 
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and from the comparative data with float III: 

A"bout 14 -oercent between 1:1 and 1:2.5 



25 



1:1 



1 :5 



The result of these calculations shows that the re- 
sults of the comparison "between DVL full-size and model 
tests are in good agreement as regards "both direction and 
approximate size with the theoretical argument as well as 
other test data, considering the partially rough assump- 
tions. 

In view of this fact, the scale effects resulting 
from the conversion of the model tests to the largest sea- 
plane-float systems in existence can he calculated. 
Reynolds Numbers for the float that was 
the largest float system designed up to 
approximately as 1:6. The comparative 
length scale represents the upper limit 



investigated and 
the present , are 
model with 1 
for the 



:2.5 



availahle 

test equipment in naval- r e s ear ch laboratories. As a rule 
the model' t est s are made with smaller models of the order 
of size of about 1:4 to 1:5 of the float that is "being 
investigated. For those sizes the ratio of the Reynolds^ 
Numbers is about 1:50 to 1:70. In this case the ranges in 
which the planing conditions fall for the float considered 
as an example, both for model and full size, occur at 
about 

R = 9 X 10 5 to 1«3 x 10 6 for the model 

and R = 8 x 10 7 for full size (Do X, for instance) 

From figure 20, it may be seen that the friction co- 
efficients for the model, if smooth surfaces be assumed, 
may fluctuate between 



= 3 x 10 



-3 



depending on the effect of 
efficient for full size is 



and 4.5 x 10 3 

the laminar zone, while the co- 
invar iably 



- 3 



C f = 2 x 10 

that, the possible scatter in frictional re- 
sistance may in such cases mount to 75 percent of the value 
for the full size. Since this scatter in the example con- 
sidered would involve a possible error in total resistance 



According to 
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of around 25 percent ^at fc g 1 , it is advisable when 

investigating airplanes of such sizes to accept the great- 
er expense and the experimental difficulties which are in- 
volved in the use of models of the size of the compara- 
tive model (1:2. 5). In this case the Reynolds Number 
would lie at around 2.5 x 10 6 ; that is, in a region 
within which the possible scatter "because of the laminar 
effect is substantially less. Even so, the safety of an 
estimate of the scale effect would be still greater in 
this case than when small models were being used, although 
the friction coefficient ( C f = 4 x 1CT 3 ) is about twice 
as large as for full size. 



IV. APPLICATION TO ACTUAL PRACTICE 



It was pointed out in the Introduction that the exact 
determination of the resistance is of major importance for 
heavily loaded long-range seaplanes. In order to show the 
working out of results from full-size tests in practice, 
the following example will illustrate the effect of an in- 
accurate determination of the resistance in a model test: 

Based upon the data from full-size and model tests, 
the take-off times and distances were computed for an 
airplane with different thrust loadings and plotted in 
figures 21 to 23 against the initial thrust loading s 0 /& 0 « 

The simplifying assumptions made for the airplane 
were as follows: 

1. The resistance of this float system at any speed 

is the minimum, irrespective of whether the 
air structure can produce the corresponding 
trimming moment. 

2. Unloading is assumed according to the square law 

in accordance with the unloading schedule 
chosen for the model comparison without con- 
sideration of the changes in trim during the 
take-off . 

3. Increase of the air resistance W L of the whole 

airplane is assumed according to the square 
law. 
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The initial thrust loadings selected S 0 /G 0 corre- 
spond to the following conditions: 

(S - ) - W accelerating force 
¥ ~ float resistance' 



at the maximum resistance of the full size: 
S 
n 



- ■ 0.1625 0.1750 0.1875 0.200 0.2125 



o 

S - W T - W 

*± = 0.071 0. 160 0.249 0.342 0.431 

W 

Figures 22 and 23 further show the comparatively 
poorer take-off time and distance compared to the full 
size. The result of this study is the following: 

In airplanes with large excess of power the scale ef- 
fect is small; for example, at S 0 /& 0 = 0.21 and 1:5 model, 

it amounts to at) out 10 percent increase in take-off time 
and run. For heavily loaded airplanes with small excess 
of power, the results are otherwise. Take-off times of 
50 seconds and more are normal for such airplanes. The 
error from the use of the 1:2.5 model test data amounts 
in this case to about 60 percent in take-off time and to 
about 48 percent in take-off run, while for the 1:5 scale 
model, it already amounts to oo « 

One fortunate feature, however, is that the conditions 
for the full size are more propitious, hence it may be as- 
sumed that failures in the take-off performance because of 
scale effect, will not occur in seaplane design. 

The most important result of the tests is the percep- 
tion that for reasonably safe determination of the take- 
off performances, models must be used of sizes comparable 
to the comparative model of 1:2.5 scale. It is only with 
models of such sizes that one reaches the supercritical 
range • 



Translation by J. Vanier , 
National Advisory Committee 
for Aeronautics. 
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Figs. 1,2,3,6 



Figure 1.- Experi- 
mental 
Junkers airplane 
F13 with DVL three- 
component balance. 





Al f A2 Pressure line connections 
F Guide of the piston. G Housing 
K Double piston. M Rubber membrane 
P Trunions for application of 
force 

R lt R 2 Fluid chambers 
Z Indicator for making the posi- 
tion of the piston visible 

Figure 3.- Hydraulic double capsule 

for the DVL three-com- 
ponent balance 



B Pivot of three -component balance 
Ci,C2 Points of attachment to the 
float 

Gri,G2 Threaded spindles for adjust- 
ing the distance of the float 
from the airplane 
Hi,H2,H3 Levers. Mi,M2,M3 Capsules 
0 " Pivot of H3.)Pi.P2 Strut frames 
Sp Spindle regulating incidence 
S Main girder. R Resultant 
Ni,N2 Nornal force components 
T Tangential force components 

Figure 2.- Diagram and side view of 
the DVL three-component 

balance . 




Figure 6.- Measuring and auxiliary 

instruments mounted 
in the cabin of the experimental 
airplane. 
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Coarse ( / n 



Fine 




B Tank for fluid 

F]_ F2 Manometers 
Mi Ms Rubber membranes 
Pi P2 Pumps 
Pd + Pst Total head 
Pst Static pressure 
S Prandtl pitot tube 

v Safety valve for 

fine manometer 



Pst 



3 



Pd+ Pst 



Figure 4.- Diagram of the dynamic pressure recording 
unit with under-water pitot tube. 
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Figure Calibration curve of under-water pitot. 
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Tig*. 8,9,10 




Figure 8,- Resistance I at a : 3 
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Figure 10.- Resistance I at a : 7° 
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?i«8. 13,14,15 
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Figure 13.- Trimming moment M g t at a - 3° 
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figure 14.- Trimming moment U 8 t at a = 5° 
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figure 15. - Trimming moment M s t at a = 7° 
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Figure 16 
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Pigs. 18,19 
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Figs. 20,21,22.23 




Figure 20.- 
Coeffi- 
4" cients of 
friction 
for smooth 
_ and rough 
'"" plates at 
different 
critical 
Reynolds 
Numbers 
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Figure 21.- Examples showing the 

variation of the forces 
during the take-off of a seaplane 
with different thrust loadings. 



Figure 22.- Take-off time and 

increase of take-off 
time compared with the take-off 
time of the full site. 



Figure 23.- Take-off run S 

and increase of 
take-off run compared with 
the take-off run of the 
full site. 
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